While it has been demonstrated that cigarette smoke contains aromatic and heterocyclic amines that initiate carcinogenesis, the association between cigarette smoking and breast cancer remains controversial. N-acetyltransferase 2 (NAT2) catalyzes arylamine carcinogen biotransformation and NAT2 genetic polymorphisms may contribute to differential susceptibility to breast cancer. We tested whether NAT2 modified the association between cigarette smoking and breast cancer risk in a population-based study of Hispanic and non-Hispanic white women in the Southwest United States. Data were available for cigarette smoking and NAT2 polymorphisms for 717 cases (Hispanic, 251 and non-Hispanic white, 466) and 735 controls (Hispanic, 245 and non-Hispanic white, 490). NAT2 genotypes were translated into rapid, intermediate, slow, or very slow acetylator phenotypes. Odds ratios (ORs) and 95% confidence intervals (95% CIs) for the joint association of NAT2 with smoking on breast cancer risk were estimated using logistic regression. Non-Hispanic white women were more likely (p < 0.001) than Hispanic women to have a slow (41.7 vs. 33.5%) or very slow (19.0 vs. 11.1%) acetylator status and less likely to have rapid/intermediate phenotypes (39.2 vs. 54.4%). Breast cancer risk was significantly increased in non-Hispanic white women with a very slow acetylator phenotype who smoked: ever versus never (OR, 2.57; 95% CI, 1.49-4.41), never versus former (OR, 2.69; 95% CI, 1.41-5.17) or current (OR, 2.46; 95% CI, 1.07-5.65), and 16 1 pack-years (OR, 2.29; 95% CI, 1.16-4.51). Results for Hispanic women were not statistically significant. These findings support smoking as a risk factor for breast cancer among non-Hispanic white women with very slow NAT2 acetylator phenotype.
The association between cigarette smoking and breast cancer risk in women is controversial. Evidence from animal studies strongly suggests that heterocyclic and aromatic amines in tobacco smoke are genotoxic carcinogens that induce mammary tumors (el-Bayoumy, 1992) . Studies of human mammary tissue report evidence for carcinogen-DNA adducts linked to cigarette smoking (Perera et al., 1995) . Nonetheless, results from human epidemiological studies are null or inconsistent (Terry and Rohan, 2002) .
The N-acetyltransferases are enzymes involved in both the detoxification and the activation of heterocyclic and aromatic amines (Hein, 2002) . It has been demonstrated that both heterocyclic and aromatic amines undergo metabolism catalyzed by N-acetyltransferase 2 (NAT2) and that genetic polymorphisms in NAT2 affect the efficiency of the enzyme for the detoxification of carcinogenic amines (Hein, 2002) . Ambrosone et al. (1996) first reported that breast cancer risk was specifically increased in postmenopausal women with the slow acetylator NAT2 genotype. Subsequent studies have been inconsistent, but most support the association between slow acetylator status and smoking with breast cancer risk. Ambrosone et al. (2008) conducted a meta-analysis and pooled subset analysis of 13 studies and reported a significant interaction between cigarette smoking and NAT2 genotype on breast cancer risk (p ¼ 0.03). This interaction was consistent across multiple measures of smoking exposure. In particular, duration and intensity of smoking had a significant association with breast cancer risk among women with slow acetylator status, with the highest risk in those with 20 or more pack-years (meta-analysis odds ratio [OR], 1.44; 95% confidence interval [CI] , 1.23-1.68 and pooled analysis OR, 1.49; 95% CI, 1.08-2.04).Further research on the interaction of NAT2 genotypes with smoking on breast cancer risk is important because breast cancer is the most common cancer diagnosed among women, accounting for an estimated 27% of all cancers among women in the United States (Jemal et al., 2009) , and the prevalence of slow acetylator status is high in some populations (up to 50-60%) (Wacholder et al., 2000) . Moreover, there are racial/ethnic differences in the frequencies of NAT2 genotypes (Garcia-Martin, 2008 ) that may explain differences in tobacco smoke susceptibility across populations (Hein, 2009) . The 4-Corners Breast Cancer Study (4-CBCS) is a population-based case-control study of breast cancer among women in the Southwest 4-Corners region (New Mexico, Utah, Colorado, and Arizona) that was designed to explore the contradiction between breast cancer incidence rates and prevalence of exposures among Southwestern Hispanic/American Indian women and non-Hispanic white women. In this analysis, we tested the hypothesis that a slow or very slow NAT2 acetylator phenotype is associated with an increased breast cancer risk among women smokers and that risk may be modified by ethnicity and menopausal status.
MATERIALS AND METHODS
Study population. Detailed descriptions of study methods, including subject selection, eligibility, recruitment, participation, and data collection, have been previously published (Slattery et al., 2006 (Slattery et al., , 2008 Wang et al., 2009) and are summarized below. This analysis is restricted to data for the New Mexico site because NAT2 genotyping was not performed for the other 4-CBCS sites. Cases were ascertained through the New Mexico Tumor Registry, a member of the Surveillance, Epidemiology and End Results Program. Eligible cases included women diagnosed with a first primary breast cancer, either in situ or invasive disease (ICDO sites C50.0-C50.6, C50.8-C50.9) with a histological confirmation occurring between October 1999 and September 2002, age 25-79 years, and state residency at time of diagnosis. Only Hispanic, American Indian, and non-Hispanic white women were included as they account for 85% of the state population. The computer program, GUESS (Generally Useful Ethnic Search System) (Buechley, 1976) , in conjunction with the Census Spanish Surname List (Word and Perkins, 1996) was used to identify women who were Hispanic when ethnicity was unknown. In New Mexico, all Hispanic, nonreservation American Indian, and non-Hispanic white cases under age 50 years were included with a 1:1 ratio for women over 50 years. Controls were frequency matched to breast cancer cases for ethnicity and 5-year age group. Controls under 65 years of age were randomly selected from the New Mexico driver's license list and those 65 years and older were randomly selected from Center for Medicare Services lists. Eligibility and ethnicity were confirmed at the time of the screening telephone contact. The Institutional Review Board approved the study for human subjects, and all subjects provided written consent prior to participation.
Data collection. A total of 2043 cases and 3689 controls were eligible for the study in New Mexico. Of this total, 1954 subjects participated (51.8% cases and 48.2% controls), accounting for 40% of all subjects in the four-state multicenter study. All participants were asked to complete an in-person interview, blood draw, and anthropometric measurements (weight, height, and waist/hip circumference). Data were collected from the participants by trained interviewers who used an interviewer-administered computerized questionnaire. The questionnaire collected information on demographics, breast cancer risk factors, including reproductive and menstrual history, menopausal status, medical and medication history, height, weight history, diet, physical activity, cigarette smoking, alcohol consumption, and education. The year prior to diagnosis of cases or selection of controls was used as the referent period. Ethnicity was confirmed by self-report at the time of interview. Respondents were interviewed in either English or Spanish based on the participant's preference. Approximately 32% of interviews of Hispanic women were conducted completely or partially in Spanish. Participants were called to clarify missing or ambiguous responses when necessary. Quality control was based on a random review of audio taped interviews.
Genotyping. Of the 1954 participants (1012 cases and 942 controls), 75% agreed to provide a blood sample for DNA extraction. Genomic DNA for genotype analyses was extracted from peripheral blood leukocytes. NAT2 genotypes were obtained for 1452 (74.3%) subjects, 717 cases (Hispanic, 251 and non-Hispanic white, 466), and 735 controls (Hispanic, 245 and nonHispanic white, 490), respectively. NAT2 haplotypes, genotypes, and deduced phenotypes were determined as previously described Hein, 2009) . Briefly, SNP-specific PCR primers and fluorogenic probes were designed using Primer Express (Applied Biosystems, Foster City, CA). The fluorogenic probes are labeled with a reporter dye (either FAM or VIC) and are specific for one of the two possible bases identified at the seven SNPs in the NAT2 coding region. Controls (no DNA template) were run to ensure that there was no amplification of contaminating DNA, and each plate was run in duplicate. Subjects were classified as rapid, intermediate, slow, and very slow acetylator phenotypes. Individuals possessing two of the NAT2 alleles associated with rapid acetylation activity (NAT2*4, NAT2*12, and NAT2*13) were classified as rapid acetylators, individuals possessing one of these alleles and one allele associated with slow acetylation (NAT2*5, NAT2*6, NAT2*7, and NAT2*14) were classified as intermediate acetylators, and those individuals that possessed two slow acetylation alleles were classified as slow acetylators. Homozygous NAT2*5 acetylators were subclassified as very slow acetylators (Hein, 2009) .
Statistical methods. A few subjects reported American Indian ethnicity (N ¼ 34, 2.34%) and 29% of these also reported Hispanic ethnicity, so their data were combined with those for Hispanic women. Previous 4-CBCS analyses on genetic admixture supports this combined grouping . Cigarette smoking status was defined as both never versus ever, based on smoking 100 or more cigarettes in the past, and as status at time of interview (never, former, and current). Data were collected on duration of smoking (years started and stopped) and dose (cigarettes smoked per day). Calculation of packyears was based on the number of cigarettes smoked per day/20 times the number of years smoked and categorized as never, <1, <1-15, and >15 years. A total of 56 (3.86%) subjects smoked for less than one pack-year; these subjects were included with the never-smoked category for analyses. Longterm passive smoke exposure was collected on the number of hours per week that women reported for the referent year and at ages 15, 30, and 50 years. A categorical variable coded as none, low (<10 h/week), and high (10 h/ week) was constructed based on average hours of passive smoke exposure at ages 15, 30, and referent year for premenopausal women and on average number of hours at ages 15, 30, 50, and referent year for postmenopausal women. Menopausal status was determined using an algorithm, based on age (<57 years) at referent date and responses to eight questions regarding menstrual status, hormone replacement use, and surgical or medical menopause. Women identified as perimenopausal (n ¼ 186, 12.8%) were combined with the premenopausal group for analysis. Postmenopausal women at the time of referent date were also categorized by recent hormone exposure through use of hormone replacement therapy (HRT) or from recently going through menopause. Women were classified as exposed if they had used HRT within 2 years or were premenopausal or perimenopausal during the 2 years prior to the referent date. Parity, defined as the number of live births, was categorized as: nulliparous, one to two live births, three to four live births, and five or more live births. Age at first full-term birth was categorized as nulliparous, <20, 20-24, 25-29, and 30 years or older and age at menarche as <12, 13, 14, and 15 years or older. Family history of breast cancer was based on report for first-degree relatives (mother, sister, and daughter). A total of 25 (1.7%) women with missing data for family history were coded with the referent group and a sensitivity analysis conducted to determine if there were any differences for effect estimates. Alcohol drinking was based on data reported by women who reported having ever drunk an average of one or more alcoholic beverages (beer, wine, and liquor) a month for 1 year or more. A summary variable was constructed to combine long-term intake at ages 15, 30, and 50 years with current alcohol consumption reported for the referent year. Intake was categorized as low (0 to <10 g/day) versus moderate (10 g/day) consumption. Body mass index was calculated as weight (kilogram) divided by height (meter) squared and categorized on the basis of international cut-points of <25 (normal weight), 25-29.9 (overweight), and 30þ (obese). Long-term 212 BAUMGARTNER ET AL. physical activity was based on metabolic equivalent of activity hours per week of moderate and vigorous activity reported at ages 15, 30, 50 years and during the referent year and categorized from lowest to highest activity level. A variable for well-done meat intake was categorized as rare or medium rare, medium well done, and well done. Women who did not report meat intake were categorized with the referent group, rare or medium rare intake. Education was categorized as less than high school, high school graduate, some college, and a bachelor's degree or higher.
Unconditional logistic regression models were used to estimate ORs and 95% CIs for the association of NAT2 with smoking on breast cancer risk. Effect modification between smoking measures and acetylator phenotype was evaluated by constructing an indicator variable for the combined categories of each smoking measure (smoking history, smoking status, and pack-years) and NAT2 acetylator status in multivariate models. The rapid acetylator phenotype was combined with the intermediate acetylator phenotype to form the referent group for comparison with the slow and very slow acetylator groups. This classification has been previously used in other studies and in the recent meta-analysis and pooled analysis where rapid acetylators were defined as carriers of at least one of the rapid acetylator alleles (Ambrosone et al., 2008) .
Test for interaction was performed using the log likelihood ratio test. Stratified analyses between NAT2 phenotype and breast cancer risk were performed by each smoking measure for all women, for Hispanic and nonHispanic white women, and for premenopausal/perimenopausal and postmenopausal women. Linear trend p values were calculated based on linear trend across categorical variables. Multivariate models were adjusted for age (at diagnosis for cases, age at selection for controls), ethnicity, age at menarche, family history and menopausal status, and recent estrogen exposure for models restricted to postmenopausal women. Variables considered for additional adjustment, but which did not alter the findings, included education, body mass index, parity, age at first full-term birth, long-term moderate and vigorous physical activity, alcohol consumption, passive smoking history, and intake of well-done meat. Associations were stratified by menopausal status and by ethnicity. All statistical analyses were performed using SAS 9.1.3. (SAS Institute, Cary, NC) and STATA Statistical Software 10 (StataCorp, College Station, TX).
RESULTS
Analyses combined in situ (15%) and invasive (85%) cases, as there was no significant difference between stage of disease with either cigarette smoking (p ¼ 0.26) or NAT2 phenotype (p ¼ 0.55) for all women or by ethnicity (data not shown). Overall, cases did not differ significantly from controls within each ethnic group on population characteristics considered important as covariates for evaluation in multivariate analyses, although there were significant differences by ethnicity independent of case-control status for all covariates (Table 1 ). The prevalence of smoking was significantly lower in Hispanic compared to non-Hispanic white women: 38.5 versus 49.9% (p < 0.001), respectively. There were significant differences between cases and controls for only non-Hispanic white women for ever smokers versus never-smokers and for pack-years (Table 2) . NAT2*5B was the most common NAT2 allele in both breast cancer cases (40.9%) and controls (37.8%), followed by NAT2*6A (24.8% vs. 28.0%) and NAT2*4 (24.0% vs. 25.4%), respectively. Less frequent alleles identified in this population included NAT2*13, *12A, 5A, *5C, and *7B. The frequency of NAT2 alleles did not differ significantly (p > 0.05) between breast cancer cases and controls, but there were significant differences between Hispanic and non-Hispanic white women (Table 3) . A total of 28 NAT2 genotypes were identified and assigned to rapid, intermediate, slow, and very slow acetylator phenotypes (Table 4) . NAT2*4/*5B and NAT2*5B/NAT2*6A were the most common NAT2 genotypes in both breast cancer cases and controls. There were no statistically significant differences between cases and controls for NAT2 phenotypes. NAT2 phenotypes differed significantly by ethnic group (p < 0.001) and were significantly different by case-control status for non-Hispanic white women (Table 4) Cigarette smoking was not directly associated with increased risk for breast cancer, regardless of whether the exposure was a generalized measure (ever vs. never: OR, 1.08; 95% CI, 0.88-1.34) or a more specific measure (status history and pack-years) and regardless of whether analyses were stratified by ethnicity (non-Hispanic white: OR, 1.30; 95% CI, 1.00-1.68 vs. Hispanic: OR, 1.08; 95% CI, 0.66-1.77) or menopausal status (postmenopausal: OR, 1.12; 95% CI, 0.86-1.45 vs. premenopausal: OR, 1.02; 95% CI, 0.71-1.47) (data not shown).
The interactions of NAT2 phenotypes with cigarette smoking on breast cancer risk are shown in Table 5 . Breast cancer risk due to smoking was increased in women with the very slow acetylator NAT2 phenotype, regardless of whether the exposure was measured as ever versus never (OR, 1.83; 95% CI, 1.17-2.86), as never versus former (OR, 1.88; 95% CI, 1.07-3.28) or current (OR, 1.95; 95% CI, 0.99-3.85), or as the highest level of pack-years (OR, 2.05; 95% CI, 1.11-3.77) ( Table 5 ). When the data were stratified on ethnicity, it was apparent that the interaction of smoking and NAT2 very slow phenotype was restricted to non-Hispanic white women: ever versus never (OR, 2.57; 95% CI, 1.49-4.41), never versus former (OR, 2.69; 95% CI, 1.41-5.17) or current (OR, 2.46; 95% CI, 1.07-5.65), and highest level of pack-years (OR, 2.29; 95% CI, 1.16-6.22) ( Table 5 ). There was no evidence for increased risk associated with a very slow NAT2 phenotype among Hispanic smokers. There was, in fact, a nonsignificant trend that may indicate less susceptibility for Hispanic women with a rapid/intermediate NAT2 phenotype (e.g., ever vs. never rapid/intermediate NAT2 phenotype: OR, 0.63; 95% CI, 0.38-1.06). However, results were generally inconsistent and unstable, possibly due to the smaller number of Hispanic women. Analyses were also stratified on menopausal status. These results are not shown in Table 5 because, although not statistically significant for premenopausal women, the point estimates across strata were similar to those for postmenopausal non-Hispanic white women, which were statistically significant. Stratified analyses of the interaction between smoking and NAT2 phenotype on both ethnicity and menopausal status included sample sizes insufficient to provide adequate statistical power. Women who reported that they did not eat red meat (n ¼ 45) were included with the category, rare meat intake. Missing data for three subjects. Total sample size for the never category differs for pack-years compared to smoking history and smoking status because women who reported smoking for less than 1 pack-year (n ¼ 56) were included with the never category.
NAT2 MODIFIES SMOKING-BREAST CANCER ASSOCIATION
Some of this inconsistency may be attributed to population differences in NAT2 genotype frequencies that modify susceptibility to heterocyclic and aromatic amine carcinogens in tobacco smoke (Lin et al., 2008) . Our study suggests that breast cancer risk is increased for non-Hispanic white smokers with the NAT2 very slow genotypes but not for Hispanic women who smoke. However, Hispanic women in our study were significantly less likely than non-Hispanic white women to have very slow and slow NAT2 phenotypes, which are associated with increased susceptibility for development of breast cancer and more likely to have rapid NAT2 phenotypes that may be associated with less susceptibility for breast cancer. If this finding is replicated in future studies, it might provide a partial explanation for the lower risk of breast cancer in Hispanic women compared with non-Hispanic white women.
The role of cigarette smoking in breast cancer risk is complex, as smoking is associated with several breast cancer risk factors, including body weight, age at menopause, and alterations in estrogen metabolism that could alter risk. We evaluated the adjustment for several factors thought to be associated in some way with estrogen exposure. We adjusted for recent estrogen exposure because smoking can have antiestrogenic effects (Tansavatdi et al., 2004) and because it was shown to be a confounder in an earlier analysis of cigarette smoking among women in the 4-CBCS (Slattery et al., 2008 ). An increased estrogen exposure, which may offset these effects can result in the formation of toxic mutagenic estrogen metabolites that have been found to be associated with a higher risk of breast cancer (Mueck and Seeger, 2005) . Reynolds et al. (2004) concluded that although their data provided evidence that active smoking may play a role in breast cancer etiology, further research is necessary, especially with respect to genetic susceptibilities. If 4-aminobiphenyl or other aromatic amines from cigarette smoke contribute to the etiology of human breast cancer, then it may be hypothesized that analogous to the role of NAT2 on bladder cancer (Hein, 2006) , individual risk would be higher in NAT2 slow acetylators. It has been demonstrated that smoking-related DNA adducts are higher in breast tissues of individuals of the slow acetylator NAT2 genotype (Firozi et al., 2002) . Additionally, it has been shown that smoking status correlates with aromatic amine DNA adduct levels in tumor tissue adjacent to normal tissue with a significant linear trend for current, former, and never-smokers (Faraglia et al., 2003) .
Since the first study on NAT2, smoking and breast cancer risk (Ambrosone et al., 1996) , subsequent studies (Delfino et al., 2000; Egan et al., 2003; Hunter et al., 1997; Krajinovic et al., 2001; Lash et al., 2005; Lissowska et al., 2006; OchsBalcom et al., 2007) have reported no appreciable difference between rapid and slow NAT2 acetylator smokers for breast cancer risk, while three suggested that rapid acetylator NAT2 smokers were possibly at increased risk (Chang-Claude et al., 2002; Millikan et al., 1998; Morabia et al., 2000) . Studies in China (Huang et al., 1999) , Sweden (Sillanpaa et al., 2005) , and the United States (Alberg et al., 2004) found an increased risk for postmenopausal women who were slow NAT2 acetylator genotypes. The association between smoking and breast cancer in NAT2 slow acetylators recently was supported by a comprehensive meta-analysis (Ambrosone et al., 2008) . However, studies focused on smoking may produce conflicting results for a number of reasons related to study design, statistical power, measurement related to intensity or duration of exposure, and differential effects related to genetic susceptibility (Phillips and Garte, 2008) .
As previously reviewed (Hein, 2006 (Hein, , 2009 Walraven et al., 2008) , slow acetylator NAT2 phenotypes result from different mechanisms depending upon genotype, suggesting that slow acetylator phenotype is not homogenous. The 341T>C (I114T) SNP associated with NAT2*5 alleles or haplotypes yields very large reductions in NAT2 protein and activity (Fretland et al., 2001; Hein et al., 1994 Hein et al., , 1995 Zang et al., 2007) resulting from protein degradation (Zang et al., 2004) . These findings suggest that very slow NAT2 acetylators (i.e., those possessing NAT2*5 alleles) may be at highest risk for breast cancer when exposed to aromatic amine carcinogens. One other epidemiological study also detected a significant association between breast cancer and very slow acetylator NAT2 alleles (NAT2*5) in women smokers with 20 or more years of exposure (OR, 2.29; 95% CI, 1.06-4.95) (van der Hel et al., 2003) . The results of the present investigation extend this finding to include women from New Mexico.
There are a number of limitations common to case-control studies, including selection bias, recall bias, and misclassification. Previous studies have indicated that Hispanics tend to have lower participation in epidemiological studies (Baumgartner et al., 2002; Howard et al., 1983; Rowland and Forthofer, 1993) . In a previous analysis, we evaluated potential factors that may have impacted the differential participation of Hispanic women compared to non-Hispanic white women in the 4-CBCS . Our results indicated that, based on age and community characteristics from the 2000 Census (income, education, urban/rural residency by ethnicity and age, and language acculturation for Hispanics), Hispanic nonparticipants (no contact made or refusals) did not differ significantly from non-Hispanic white nonparticipants, suggesting that differential selection bias was Deduced NAT2 phenotype categories as previously described (Hein, 2006 (Hein, , 2009 unlikely. Community characteristics also were not found to differ by case-control status.
Factors that contribute to subjects' beliefs and that may influence potential recall bias are difficult to untangle. It has been reported that women living in the United States, regardless of age (<50 vs. 50þ years), associate smoking with breast cancer risk (87% vs. 80%) (Wold et al., 2005) . However, this report also showed that current smokers more frequently reported that smoking was a risk factor for individuals other than themselves. Added to this complex mix of personal and cultural beliefs is the potential for misclassification when subjects attempt to recall cigarette smoking history for past time periods. It is difficult to determine how these beliefs and perceptions and potential for misclassification influence effect estimates. The strengths of the current study include a large number of Hispanic women, the ability to evaluate a number of potential confounders, and a sufficient sample size to detect ethnic differences across the different phenotypes.
Our findings suggest that breast cancer risk is increased for nonHispanic white women who possess a slow to very slow NAT2 acetylator phenotype and smoke. The inconsistencies observed among studies that investigate associations between NAT2, smoking, and breast cancer incidence may reflect differences in exposure, genotyping misclassification (Deitz et al., 2004) , and heterogeneity among the slow NAT2 acetylator phenotypes (Hein, 2009 ). Recent work (Bendaly et al., 2009 ) has further strengthened the importance of accounting for multiple slow acetylator phenotypes, noting that this heterogeneity may be responsible for some of the inconsistency across studies that have not further differentiated the slow acetylator status. Further studies are necessary to better define the role of NAT2 polymorphisms in the development of breast cancer following exposure to carcinogens such as those found in cigarette smoke.
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